Introduction
============

The rapid progress of nanoscience and nanotechnology research permits the birth of a wide variety of novel nanomaterials. Currently, fluorescent nanoparticles (NPs) are one of the most attractive optical probes in bioimaging and bioanalysis due to their unique optical properties and high surface-to-volume ratio. In comparison with traditional fluorescence labeling materials, fluorescent nanomaterials significantly improve the specificity and sensitivity of bioanalysis such as targeting imaging and molecular interactions [@B1], [@B2]. These advantages allow the direct and rapid detection of various biomolecules, even in a trace amount. Up to date, several effective fluorescent nanomaterials have been developed including quantum dots (QDs) [@B3], [@B4], liposomes [@B5], and various nanostructures with surface modifications such as dye-doped NPs [@B6]-[@B8]. The dye-doped NPs may be an attractive fluorescent nanomaterial because thousands of dye molecules can be doped in a single nanoparticle thereby emitting intensive fluorescence signals. By conjugating molecular recognition reagents and different dyes to the nanoparticle surface, the NPs may gain an excellent signaling capability to sensitively and specifically determine trace amounts of biological targets.

To date, fluorescent NPs have been used to track biological targets including tissues, living cells, DNAs, and protein molecules [@B9]-[@B13]. With ever increasing usages of these NPs, their potential toxicity to living systems has become a major concern. To address this concern, a number of toxicological studies have been conducted with fluorescent nanomaterials [@B14]-[@B18]. The toxicity of the dye-doped NPs may be attributed to their composites, structures, and morphology [@B19]-[@B22]. Previous studies on nanoparticle toxicity have shown that size, shape and surface properties of NPs are key factors that determine whether or not the particles can eventually enter and retain inside living systems [@B21], [@B23]-[@B25]. In addition, the toxicity varies with the type of cell lines. Cancer cell lines (A549, MKN-28) were more resistant to silica-based fluorescent NPs than normal cell lines (MRC-5, WS1 and CCD-966sk) [@B26]. Similarly, our previous study showed that A549 cells were more resistant to the treatment of silica NPs than were macrophages [@B27]. In general, foreign materials invade a living system through three pathways, namely the respiratory tract, the gastrointestinal tract, and by skin contact. The toxicity of airborne ultrafine particles and certain engineered nanomaterials have been well documented [@B28]-[@B32], with colloidal silica generally being accepted as either a nontoxic or low toxic material [@B33], [@B34]. Thus, silica-based dye-doped NPs appear to be more popular than other dye-doped NPs for biomedical research.

The dopants, dye molecules, in general, have little effect on the toxicity of dye-doped NPs because they are isolated from the natural environment [@B33], [@B35]. However, if the dopants are photosensitizers, they may have increased toxicity of the NPs under irradiation. Irradiation is usually required for applications of dye-doped NPs as fluorescent labeling reagents in the biological field. Therefore, studies of phototoxicity with dye-doped nanomaterials are necessary to expand and improve their applications in bioimaging and bioanalysis.

*Tris*(*2,2*\'-bipyridyl) ruthenium(II) chloride (RuBpy), is a widely-used fluorescent dopant for making silica-based fluorescent nanomaterials. There is evidence showing that RuBpy^2+^ can produce Reactive Oxygen Species (ROS) under irradiation [@B35]. However, it remains unclear whether RuBpy-doped NPs could have significant alterations in their toxicological behavior when they are under irradiation. Therefore, the RuBpy-doped fluorescent silica NPs would be a viable model for studying the phototoxicity of the dye-doped NPs to living systems.

In this study, we first investigated the potential phototoxicity of RuBpy-doped silica NPs in cultured murine alveolar macrophage (MH-S) cells. MH-S cells were chosen because *in vivo* biodistribution of the silica NPs showed a great accumulation of silica NPs in liver, spleen [@B36], and macrophage cells. Herein we evaluated ROS generation, DNA damage, and cell proliferation rates after treating the cells with dye-doped NPs and exposing irradiation. Importantly, *in vivo* patho-physiological impact and the relevant mechanisms with dye-doped NPs have also been evaluated in C57BL6 mice.

Materials and Methods
=====================

Materials
---------

Tris(2,2\'-bipyridyl)dichlororuthenium(II) hexahydrate (RuBpy) was purchased from Acros Organics (MW 748.63, Belgium). Acetic acid, polyoxyethylene isooctylphenylether \[triton X-100, 4-(C~8~H~17~)C~6~H~4~(OCH~2~CH~3~)~10~-OH\] and 98% Tetraethylorthosilicate (TEOS) were purchased from Aldrich Chemical Co. Inc. (Milwaukee, WI). Cyclohexane,*n*-hexanol, acetone, and ammonium hydroxide (28-30%) were obtained from Fisher Scientific Co. (Pittsburgh, PA). Hydrogen peroxide (H~2~O~2~) and DMSO were purchased from Sigma-Aldrich (St. Louis, MO). Phosphate buffered saline (PBS) tablets was obtained from MP Biomedicals (Solon, OH). Vybrant^®^ apoptosis assay kit was purchased from the Molecular Probes (Grand Island, NY). Celltiter 96^®^ non-radioactive cell proliferation assay kit was obtained from Promega (Madison, WI). Nitroblue Tetrazolium (NBT) solution was purchased from Calbiochem (Billerica, MA). Sodium dodecyl sulfate (SDS) was purchased from Invitrogen (Grand Island, NY). The murine alveolar macrophage MHS cell line was purchased from ATCC (Manassas, VA). The cell culture medium was made of GIBCO RPMI 1640 medium (Invitrogen, NY) with 5% newborn bovine serum (NBS, purchased from Hyclone, Logan, UT), 2 mM HEPES buffer (pH7.2) and 1% penicillin streptocycin (Invitrogen). Water used in the all experiments was ultra-purified (18.3 MΩ∙cm) using a Milli-Q Millipore system.

**Instruments.**A Carl Zeiss 510 META Confocal Fluorescence Microscope (Carl Zeiss MicroImaging, Inc, Thornwood, NY) was employed for taking fluorescence images. A Hitachi 7500 Transmission Electron Microscope (TEM) and a Hitachi 4700 Field Emission Scanning Electron Microscope (SEM) were used to characterize the shape and the size of synthesized NPs. A Multiskan spectrum high performance spectrophoto plate reader was used to measure the UV-vis absorption (Thermo Electron Corporation). A Jobin Yvon Horiba Flourolog-3 spectrofluorometer was employed to measure the fluorescence emission and excitation. An Ushio xenon short arc lamp was used as the light source in this spectrofluorometer. This instrument provides an excitation range of 240-600 nm and an emission range of 290-850 nm. An Eppendorf5804 centrifuge was used for separation of NPs from the solution in the synthesis process.

**Synthesis and Characterization of the Fluorescence Silica NPs.** The NPs were synthesized using a reverse microemulsion method [@B37], [@B38]. Briefly, a microemulsion solution was prepared by mixing 7.50 mL of cyclohexane, 1.80 mL of *n*-hexanol, and 1.77 mL of Triton X-100. After stirring of this mixture for 20 min, 80 µL of 0.01 M RuBpy solution and 400 µL of water were added to the mixture to form a microemulsion. Finally, 100 µL of TEOS and 60 µL of NH~4~OH were added to the solution to initiate the hydrolysis of the TEOS. The reaction was allowed to proceed for 24 h under continuous stirring. Afterwards, the fluorescent silica NPs were formed. To avoid NPs aggregation, the surface of silica NPs were modified with carboxyl groups by adding a post-coating reagent. A 50 µL aliquot of 42% 3-(trihydrosilyl)propylmethyl-phosphonate monosodium salt was added with an additional 50 µL of TEOS. This mixture was allowed to react for 24 h with continuous stirring. The NPs were released from the microemulsion by adding 20 mL of acetone to the microemulsion. The NPs were washed with ethanol twice and with water once. After air-dried, the NPs were resuspended in the PBS buffer at the concentration of 1.0 mg/mL. The size and morphology of the fluorescent silica NPs were characterized using electron microscopes [@B39].

**Treatment of Cells with the NPs and Irradiation.**Approximately 1.0×10^6^ MH-S cells were seeded in each well of a 96-well plate and cultured for 24 h at 37 ^o^C. Then a 100 μL aliquot of the NPs in pH 7.0 PBS buffer was added to the cell culture plate for incubation over 2 h. The final concentrations of NPs in the cell culture medium ranged from 1x10^-4^ mg/mL to 0.50 mg/mL (equivalent to 10^8^ to 5×10^11^NPs/mL). The negative control cells were treated with the cell culture medium without NPs. During all these treatments, the cells were incubated at 37 ^o^C in a 5% CO~2~ and humidified atmosphere.

After the NPs treatment, a blue light emitting diode (LED) lamp (OptiLED Inc.) was employed for irradiation of the NPs in the incubator. Followed different time periods of irradiation, several biological assays were proceeded to test the toxicity as below.

**Nitroblue Tetrazolium (NBT) Assay.**The NBT assay was used to determine the production of ROS in the living cells [@B40]. The cells were treated with NPs for 2 h. Then a 5 µL aliquot of 3 µg/mL NBT solution was added to the cell culture medium and the irradiation was placed onto the solution immediately for different time periods. After the irradiation, the formazan product was solubilized by 100 µL stop solution \[10% sodium dodecyl sulfate (SDS) and 10% dimethyl sulfoxide (DMSO) in PBS\], and its absorbance at 560 nm was measured using a 96-well plate reader.

**Cell Proliferation Assay \[3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide assay\].**Proliferation rates of the cells were evaluated spectrophotometrically by measuring the extent of reduction of a tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), to formazan by succinic dehydrogenase as described previously [@B41]. Briefly, a premixed optimized dye solution was added to the plate wells, and then, the cells were incubated at 37^o^C for 4 h. The formazan product was solubilized, and its absorbance at 570 nm was measured using a 96-well plate reader. Wells with RuBpy-doped NPs alone were used as blank control.

**Trypan Blue Assay.** To measure the cell death rate, trypan blue dye was used as described previously [@B39]. The cells were first treated with NPs and followed by the irradiation over different time periods. The cells were then dissociated from the bottom of the plate by trypsin, and were resuspended in a 96-well plate in the cell culture medium. Then a 20 µL aliquot of the trypan blue dye was added to each well. The viable cell amount was counted using a hemocytometer. The viability values were derived by comparing the samples with the negative control.

**Comet Assay.**The integrity of DNAs in the living cells was detected using the comet assay as described previously [@B42]. The cells were first treated with NPs. After irradiation for various time periods, both the control cells and the NPs-treated cells were washed and resuspended in Ca^2+^ and Mg^2+^ free PBS solution. The cell suspension was mixed with liquefied agarose at a ratio of 1:10 (v/v). A small aliquot of this mixture was immediately transferred onto the slide from Trevigen (comet assay kit). After cell lysis at 4 ^o^C, slides were treated with alkali solution \[0.3 M NaOH, 1 mM ethylenediaminetetraacetic acid (EDTA)\] for 60 min to unwind the double-stranded DNA. Slides were electrophoresed at 1 V/cm for 10 min and then stained with SYBR green dye after they were observed under a confocal microscope (Carl Zeiss MicroImaging). The comet tail length was defined as the distance between the leading edge of the nucleus and the end of the tail. At least 75 determinations were performed for each sample using the CometScore software.

**Vybrant Apoptosis Assay.** MH-S cells were treated with NPs or various controls in a glass-bottomed plate for 24 hours. Afterwards, the fluorescent probe YO-PRO-1 dyes (Molecular Probes, Grand Island, NY) were loaded onto the plate [@B43]. After 5 min incubation, the cells were imaged under a Zeiss confocal fluorescence microscope. Living cells showed no fluorescence signals while apoptotic cells were stained by the green YO-PRO^®^-1 dye.

**Flow Cytometry Assay.**MH-S cells were treated with NPs or various controls in a glass-bottomed plate for 24 hours. Apoptotic cells were stained by Annexin V-FITC-stained cells and analyzed by flow cytometry (BD Biosciences, San Jose, CA) [@B44].

**Animals and Treatment.**For the *in vivo* toxicity study, male C57BL6 mice with weight of 20-25 g (6 weeks old) were obtained from Charles River (Wilmington, MA), and maintained in the University of North Dakota Animal Center. They were group-housed and maintained with free access to water and diet. All animal operations were in accord with the institutional animal use and care regulations, according to the approved protocol No. 1204-4 and 1204-5. The mice were treated with RuBpy-doped silica NPs via intranasal instillation similarly performed as described previously [@B41], [@B45]. The instillation dose of silica NPs is 0.5 mg in PBS buffer. The mice received PBS alone were used as a control. After 7 days of treatment, the animals were euthanized with injection of ketamine (45 mg/kg) and the lung, spleen, and kidney were removed for various analyses. Animals (5 mice/group) were also treated with or without different silica NPs under irradiation for 6 h with a blue light emitting diode (LED) lamp before sacrificing for evaluating cell signaling and phototoxicity.

**Western Blotting.**The lungs and cells after infection were lysed in RIPA buffer containing a protease inhibitor cocktail (Fisher), homogenized, and quantitated [@B46]. The lysates were boiled for 10 min after adding loading dye. Equal amount of each sample (30 μg) was loaded onto 10% SDS-polyacrylamide minigels and electrophoresed to resolve proteins. The proteins were then transferred to nitrocellulose membranes (Santa Cruz Biotechnologies, CA) and blocked for 2 h at room temperature using 5% non-fat milk blocking buffer. The membranes were then incubated with the first antibodies diluted 1:1,000 in 5% non-fat milk blocking buffer overnight at 4ºC [@B47]. After washing three times with washing buffer, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody (GE Amersham, Pittsburgh, PA) diluted 1:2,000 for 2 h at room temperature. Signals were detected using enhanced chemiluminescence detection kit (SuperSignal West Pico, Pierce).

**Myeloperoxidase (MPO) Assay.**The MPO assay was performed as described previously [@B48]. Samples were homogenized in 50 mM hexadecyltrimethylammonium bromide, 50 mM KH~2~PO~4~, pH 6.0, 0.5 mM EDTA at 1 ml/100 mg of tissue and centrifuged for 15 min at 12,000 rpm at 4°C. Supernatants were decanted, and 100 μL of reaction buffer (0.167 mg/ml O-dianisidine, 50 mM KH~2~PO~4~, pH 6.0, 0.0005% mM H~2~O~2~) were added to 100 μL of sample. Absorbance was read at 460 nm at 2 min intervals. Duplicates were done for each sample and control.

**Lipid Peroxidation Assay.** Malondialdehyde is an end product of the lipid peroxidation and was measured using a colorimetric assay (Calbiochem) according to our previously used method [@B49]. Homogenized lung tissue in 62.5 mM Tris-HCl (pH 6.8) supplemented with Complete Mini protease inhibitor (Roche Diagnostics, Indianapolis, IN) in equal protein amounts was used in the assay. Duplicates were done for each sample and control.

Results
=======

1. Penetration of RuBpy-doped Silica NPs into Cells {#Section1}
---------------------------------------------------

To precisely study the phototoxicity of the NPs in living cells, the presence of the NPs inside the living cells is a primary requirement. Prior to the penetration study, we characterized the morphology and the dye content of the NPs. The size and shape of the synthesized NPs were examined using a Transmission Electron Microscope (TEM) (Figure [1](#F1){ref-type="fig"}A). The size of the produced NPs was uniform with an average diameter of 50 ± 3 nm. The amount of RuBpy in the NPs was measured using UV-vis spectroscopy. The results showed that 0.10 mg/mL RuBpy-doped silica NPs equaled to 1.68 µM RuBpy molecules.

Next, the penetration of RuBpy-doped NPs to living cells was investigated. Considering macrophages are remarkable cells for rapidly uptaking extracellular particles and play an important role in host defense, alveolar macrophage MH-S cells were employed in our studies.

The penetration of the NPs into the cells was monitored under a laser scanning confocal fluorescence microscope. MH-S cells were first incubated in a cell culture medium containing 0.2 mg/mL of RuBpy (3.36 µM) doped NPs in a glass-bottomed microwell dish. In the penetration process, the fluorescence images were taken at different time periods (Figure [1](#F1){ref-type="fig"}B). The NPs penetrated MH-S cells quickly. The fluorescence was observed at the time period of 10 min. The fluorescence signals in the cells significantly increased by the time of 30 min and reached the maximum at 1 h, indicating that the penetration of silica NPs to MH-S cells was relatively fast. To provide sufficient time for the cells to respond to the uptake NPs, 2 h incubation with the NPs was also used. The fluorescence intensity showed no difference with that of the 1 h of treatment (Figure [1](#F1){ref-type="fig"}B). The NPs appeared to localize outside of the cell nuclei. Furthermore, the NPs were internalized into the cells and were confirmed by performing a Z series of confocal imaging after washing (data not shown). The fluorescence intensity was measured in the section of the cell center. The cells treated with the control NPs were imaged as a control. The surface-adherent particles can be easily distinguished from the internalized NPs by 3D reconstruction of the Z series using the Zeiss LSM software. The results confirmed that the RuBpy-doped NPs have penetrated the cells.

2. Generation of ROS by RuBpy Molecules under Irradiation {#Section2}
---------------------------------------------------------

As a common fluorescent dye, RuBpy molecules have been well documented for their photosensitivity [@B50]. The mechanism of the generation of singlet oxygen by RuBpy under irradiation was illustrated in the following pathway:

In the process of the RuBpy-induced ROS under irradiation, the RuBpy^2+^ is first excited by irradiation (eq.1). The excited RuBpy^2+\*^ reacts with oxygen (O~2~) and generates singlet oxygen ^1^O~2~(eq.2). Meanwhile, in addition to the generation of the ^1^O~2~, some excited RuBpy^2+^ can return to the ground state through the reaction with oxygen and forms a complex containing free radical (eq.3). The complex can directly return to the ground state through simply dissociation into RuBpy^2+^ and oxygen (eq.4), or the complex forms an oxidized RuBpy and oxygen radical (eq.5). The oxidized RuBpy^2+^ quenches the oxygen radical and returns them to the ground state (eq.6).

It is clear that RuBpy can generate singlet oxygen. However, the phototoxicity of RuBpy molecules to living cells has not been reported. Therefore, we treated MH-S cells with a pure RuBpy molecule solution and then investigated its ability to generate ROS. A blue light (450 nm) was used as the irradiation source because its emission wavelength matches the excitation wavelength of RuBpy. Since previous studies strongly indicate the transmission of RuBpy^2+^ around 450 nm regions upon excitation [@B35], [@B51], we believe that blue light is sufficient to induce the ROS. In addition, others have also used UV light to irradiate this dye. The irradiation time to the cells was performed from 0.5 h to 6 h. The generation of the singlet oxygen was detected using the NBT assay. Figure [2](#F2){ref-type="fig"}A showed that compared to the control cells a significant amount of ROS was generated under the irradiation when the MH-S cells were treated with RuBpy. The amount of generated ROS was dependent on the irradiation time. With 1 h of irradiation the level of ROS increased 1.5-fold versus the control (PBS). As the irradiation time prolonged to 6 h, the amount of ROS was 2.3-fold higher than the control group.

We then tested the effect of RuBpy concentration on the production of ROS. As shown in Figure [2](#F2){ref-type="fig"}B, under the same number of cells and irradiation time period, the generated ROS was proportional to the RuBpy concentration. Two different concentrations of RuBpy solutions, 1.68 µM and 3.36 µM, were added into the MH-S cells. The cells treated with the PBS buffer were used as a control. After 6 h of irradiation treatment, the ROS signals were determined using the NBT assay. The results showed that at a lower concentration of RuBpy (1.68 µM) the irradiation had minimal effects on the generation of ROS, which was comparable to that without the irradiation. When the RuBpy concentration increased to 3.36 µM, a significant increase (more than 4-fold) of ROS was observed as analyzed with the student\'s *t-*test. Therefore, the ability of RuBpy^2+^to generate ROS in living systems under irradiation was concentration dependent.

3. Generation of ROS by the RuBpy-doped NPs {#Section3}
-------------------------------------------

To investigate the phototoxicity of RuBpy-doped silica NPs, MH-S cells were irradiated for different time periods after the NP treatment. Their ROS amounts were detected using the method mentioned above. Cells were treated with PBS buffer, control NPs, or the RuBpy-doped NPs. The pure RuBpy molecule solution was also used to treat the cells as a comparison with the RuBpy-doped NPs. The concentration of 3.36 µM RuBpy molecules was chosen since this concentration could generate significant amount of ROS in the RuBpy molecule solution as determined by our initial assessment. To have a valid comparison 0.2 mg/ml RuBpy-doped NPs was used because this concentration of the NPs equaled to 3.36 µM RuBpy. The generated ROS in these systems was measured. The result from 6 h irradiation was shown in Figure [2](#F2){ref-type="fig"}C. In the PBS buffer treated cells, the irradiation induced no notable ROS. However, the RuBpy-doped NPs induced significant amount of ROS under the irradiation and it was about 30% less than RuBpy alone. Compared to the RuBpy dye alone, the silica matrix-coating may prevent RuBpy from interaction with oxygen, thus reducing the ROS generation. Surprisingly, the control NPs also produced detectable amount of ROS albeit much lower than the RuBpy-doped NPs. This suggests that silica material may contain some intrinsic oxidative effects albeit it is usually much lower than some other heavy metals or oxidized chemicals. A recent study showed that the gold nanorod-covered kanamycin-loaded hollow SiO~2~nanocapsules has photothermal effects [@B50] and our unpublished data also indicate that the silica-gold-silica NPs provide the photothermal effect possibly due to the oxidative stress. These results indicated that the RuBpy-doped NPs can stimulate significant amounts of ROS.

4. Effect of RuBpy-doped NPs on Cell Viability {#Section4}
----------------------------------------------

We showed that the irradiation of the cells uptaken NPs significantly increased the generation of ROS. Therefore we sought to determine the effect of the increased ROS on cell viability. First, we evaluated the cell viability rates by MTT assay, and found that NPs, RuBpy and RuBpy-NPs all caused somewhat toxicity (inhibition cell viability), but no significant differences between NPs and RuBpy-NPs were observed (Figure [2](#F2){ref-type="fig"}D). These results suggest that the NPs and modified NPs did not inflict significant intolerable toxic effects to living cells, suggesting that they may be safe if used in animals and clinical settings. Since MTT assay does not differentiate cell death mechanisms, we then used Vybrant assay to distinguish the difference between apoptosis and necrosis. The YO-PRO-1 dye can only permeate the cell membrane when the cell has undergone apoptosis (membrane integrity damaged). The results showed appreciative fluorescence staining indicating that the RuBpy-doped NPs induced significant apoptosis under the irradiation (Figure [3](#F3){ref-type="fig"}A). However, no apparent apoptosis was observed in the absence of the NPs or in the absence of irradiation. To confirm the verity of the data, we used H~2~O~2~as a positive control, which is a widely-used oxidant to produce ROS. As expected, H~2~O~2~induced significant apoptosis (Figure [3](#F3){ref-type="fig"}A). To ensure that there is no aggregate-induced effect after adding NPs into the culture medium, we observed the status of NPs and RuBpy-NPs after 1 h incubation with RPMI1640 medium used in this assay. Our data from SEM indicate that the size of NPs was 50 ± 3 nm in diameter. Importantly, no apparent aggregates were formed in the culture medium with serum (Figure [3](#F3){ref-type="fig"}B), indicating that processing with NPs did not induce extra physicochemical effects to damage cells. Besides the Vybrant assay, a flow cytometry assay was also applied to detect apoptosis rates (Figure [4](#F4){ref-type="fig"}A and B, B representing the scattered graph of the RuBpy-NPs with or without irradiation). Statistical analysis showed that RuBpy-doped NP treatment without irradiation induced about 8% apoptotic cells. Combination of the RuBpy-doped NP treatment with 6 h irradiation induced more than 20% apoptotic cells. However, other treatments such as RuBpy alone or pure NPs, failed to induce significant apoptosis in the presence or absence of irradiation (Figure [4](#F4){ref-type="fig"}A). Since the function of macrophages is to phagocytize and clear invading organisms or macromolecules, significant amounts of NPs can be toxic to the cells. The data shown here suggest that the RuBpy-doped silica NPs\' treatment was more toxic than the silica NPs without RuBpy, which is consistent with the results of ROS generation. Meanwhile, these results indicate that the RuBpy dye molecules induced significant apoptosis under irradiation. Interestingly, although we have demonstrated that the cells treated with RuBpy dye produced more ROS than the cells treated with the RuBpy-doped silica NPs, the RuBpy-doped silica NPs caused more significant apoptosis than the dye molecules alone. The possible explanation of this phenomenon could be traced in Figure [2](#F2){ref-type="fig"}C, where the pure silica NPs induced a detectable amount of ROS. In addition, the NPs facilitated retained the dye molecules inside of the cells compared with dye alone. Furthermore, the doping procedures may already have changed the physicochemical properties of the dye-doped NPs. In this case, under irradiation, the RuBpy-doped silica NPs caused greater apoptosis in MH-S cells than the dye alone or NPs alone, indicating its potential value in clinical therapeutic application.

5. DNA Damage Induced by the RuBpy-doped NPs under Irradiation {#Section5}
--------------------------------------------------------------

To understand the mechanism of the RuBpy-doped silica NPs-induced apoptosis, we detected the impact of the RuBpy-doped NPs on DNA integrity using a comet assay. H~2~O~2~ was used to treat the cells as a positive control. The results showed that under the irradiation, the comet tails increased in the RuBpy-doped NPs treated cells (Figure [5](#F5){ref-type="fig"}A). Similarly, under the irradiation, the comet tails were increased after the treatment using the pure RuBpy solution. However, with the same irradiation time, there was no comet tail presented in the PBS buffer treated cells or the control NPs treaded cells. The length of the comet tail was shown in Figure [5](#F5){ref-type="fig"}B. RuBpy-doped NPs can induce DNA damage under irradiation, consistent with the increased ROS with the same treatments (Figure [2](#F2){ref-type="fig"}). Moreover, we found that with the same amount of RuBpy, the RuBpy-doped NPs are more genotoxic to DNA than the RuBpy dye. This result was consistent with the apoptosis induction from the Vybrant assay and flow cytometry assay.

6. *In vivo* Study of the Toxicity of the RuBpy-doped NPs {#Section6}
---------------------------------------------------------

Although a recent study demonstrated that the shape of silica NPs minimally affects *in vivo*toxicity [@B52], to our knowledge the RuBpy-doped NPs have not been evaluated for their toxicity in animals. To investigate the physiological relevance, we examined the RuBpy-doped silica NPs-induced toxicity in mice. Based on the above results, apparently, the ROS induced by the RuBpy-doped silica NPs was a primary contributing factor of phototoxicity to living cells. As the MPO is a recognized influx for oxidation in tissue, we instilled the RuBpy-doped NPs or the PBS control and determined MPO activity in the lung and other organs (the kidney and liver) in the mice. As expected, the significantly increased MPO activity was observed in the lung in the RuBpy-doped NP group *vs*. the PBS control group (Figure [6](#F6){ref-type="fig"}A, \* *p\<*0*.*05). However, there were no obvious differences in the kidney and liver tissues after the NP instillation (Figure [6](#F6){ref-type="fig"}B, C). To further understand this toxic mechanism, we determined lipid peroxidation as it is a critical cell membrane injury indicator. As shown in Figure [6](#F6){ref-type="fig"}D, lipid peroxidation levels were significantly increased in the RubBpy-doped NP-treated mice compared to the PBS control mice (\* *p\<*0*.*05). Similar to the MPO influx, lipid peroxidation levels in the kidney and liver tissues had no significant changes (Figure [6](#F6){ref-type="fig"}E, F). Apparently, the NPs also induced significant lung lipid peroxidation than other organs, which may be a chief contributing factor towards the NPs-induced toxicity. Importantly, different amounts of MPO and lipid peroxidation in different organs may indicate that the NP toxicity is still limited in the organs which received the RuBpy-doped NPs rather than dissemination into distant organs.

8. RuBpy-doped NPs Altered Cytokine Secretion and Signaling Proteins in Mouse Lungs {#Section8}
-----------------------------------------------------------------------------------

To illustrate the mechanism and physiological relevance of RuBpy-doped NP, we intranasally instilled the NPs into C57BL/6J mice and assessed expression of critical signaling proteins in lung tissues by Western blotting (Figure [7](#F7){ref-type="fig"}A, B). We found that the expression levels of High mobility group box 1 (HMGB1, a danger indicator cytokine) and Nuclear factor (erythroid-derived 2)-like 2 (Nrf2, an oxidative responder) decreased significantly in the NP-treated mice compared to PBS-treated mice, while the levels of Caspase-1 and TNFα (innate immunity or inflammation) as well as IL-4 (Th2 cytokine) were not altered. However, HMGB1 in the liver of the NP-treated mice somewhat increased. This indicates that various organs may have distinct responses against RuBpy-doped NPs in mice. Importantly, phosphorylation of transcription factor (NFκB), ERK1/2 and Akt increased in the NP-treated mice compared to PBS-treated mice, although the protein levels of Akt and NFκB were not altered (Figure [7](#F7){ref-type="fig"}A, B). Although the detailed mechanism needs further research, these analyses have demonstrated that danger signaling and oxidative regulators were down-regulated in the lung, whereas signals for cell proliferation and cytoskeletal activity were activated. Interestingly, despite somewhat increased phosphorylation of NFκB and ERK1/2, at the dose of application RuBpy-doped NPs only caused mild cytokine-mediated inflammatory responses and even down-regulated certain inflammatory cytokines such as HMGB1. It is perhaps counterintuitive that activation of NFκB could not cause significant cytokine responses. The underlying mechanism is unclear; however, this may be because the NPs have special characteristics. The additional reason may be that we have not exposed the mice received the RuBpy-doped NPs with light irradiation*in vivo*. Nevertheless, the increase in NFκB phosphorylation is not quite robust. Furthermore, no mortality was noticed during the one week study. Since inflammatory responses were not as dramatic as some other NPs (i.e., quantum dots) shown previously [@B53], we conclude that RuBpy-doped NPs may not possess significant intrinsic toxicity to mammals.

9. Irradiation intensified RuBpy-doped NP-mediated Cell Signaling Activation in Mice {#Section9}
------------------------------------------------------------------------------------

Limited studies have investigated phototherapeutic roles of the blue light in animals [@B54], [@B55], with one notable example showing that LED can penetrate to the tissue of young rats and resulting in significant apoptosis in the intestine [@B56]. To further determine the thermotherapeutic potential of the Dye-doped NPs, we evaluated whether irradiation can alter physicochemical, inflammatory and toxic properties of the NPs in mice. We found that the lung showed high level expression of Nrf2 and TNF-α (Figure [8](#F8){ref-type="fig"} and [Additional file 1](#SM1){ref-type="supplementary-material"}: Supplementary Figure 1A, B), while the liver exhibited high levels of ERK and IL-4 as well as increased phosphor-NF-κB (maybe the mechanism of causing more significant inflammation and thermotherapeutic effects) by RuBpy alone and Dye-doped silica NPs after 6 h irradiation of mice (Figure [8](#F8){ref-type="fig"} and [Additional file 1](#SM1){ref-type="supplementary-material"}: Supplementary Figure 2A, B). Strikingly, we also found that in the kidney both RuBpy alone and silica NPs induced systemic signaling activation including Caspase1, HMGB1, Nrf2, phosphor-NF-κB, Akt, phosphor-Akt, phosphor-ERK1/2, TNF-α, and IL-4, compared to the liver and lung where showed highly selective signaling patterns (Figure [8](#F8){ref-type="fig"} and [Additional file 1](#SM1){ref-type="supplementary-material"}: Supplementary Figure 3A, B).

Interestingly, these markers have been more pronounced increased in NPs or Rubpy alone controls but less so in RuBpy-NPs group in the kidney, indicating that RuBpy-NPs may not be strong inflammatory inducers compared to RuBpy or NPs alone. This characteristic is important for clinical therapy using the RuBpy-NPs. Moreover, we noted that the lung expressed extraordinarily high levels of HMGB-1 (about 40-fold), while the liver expressed Akt (65-fold) and TNF-α (20 fold) (Figure [8](#F8){ref-type="fig"} and [Additional file 1](#SM1){ref-type="supplementary-material"}: Supplementary Figure 4). Therefore our findings indicate that silica NPs may mediate a complex profile in inducing cellular activity and inflammatory responses in animals. It is evident that many critical signaling proteins are differentially regulated by NPs treatment in the presence of irradiation. Nevertheless, considering the activation of HMGB1 by NPs without irradiation, and its broad activation in all organs tested (lung, liver, and kidney), we propose that HMGB1 is a critical indicator of systemic physiological stress signaling in response to NPs-induced toxicity and inflammation. Our studies are the first to identify the important role of HMGB1 in signaling NPs-mediated oxidative information. Although Nrf2 was increased both in the lung and kidney but its expression in the liver is not so high. Our study also clearly indicates that Nrf2 is associated with NPs inflammation in mice, consistent with a previous study discussing silica NP toxicity despite being only performed in cell culture [@B53].

Discussion
==========

In the current study, we synthesized novel RuBpy-doped silica NPs and evaluated their physicochemical, inflammatory and toxic features towards living cells and entire animals. Using oxidation and toxicity analysis with several approaches, we demonstrate that the RuBpy-doped silica NPs could induce significant amount of ROS and toxicity in MH-S cells under 6 h irradiation when the RuBpy concentration is higher than 3.36 μM (0.2 mg/mL NPs). As the irradiation over 30 min, the induced ROS was detectable. The period of 30 min is relatively long time for bioimaging and bioanalysis where the irradiation time may be much shorter. However, this result may provide a safety consideration for the situation where a longer period of irradiation needs to be employed. Control NPs may also induce ROS, but it did not cause significant DNA damage or apoptosis. Our result is consistent with other reports [@B33], [@B57]-[@B59]. An interesting result is that the RuBpy-doped NPs may induce less ROS than RuBpy dye alone due to the protective role of silica matrix. However, the addition of nanomatrix increased cellular response required for therapeutic applications as the RuBpy-doped silica NPs are more toxic for causing apoptosis than the dye molecules alone or the control NPs. Thus, RuBpy-doped silica NPs may cause the phototoxicity if the irradiation time is longer than 30 min.

Previously, there were limited reports investigating phototherapeutic effects of a novel blue light device in animals and humans with improved efficacy compared to conventional methods [@B54]-[@B56]. For instance, Tanaka *et al.,* showed that the blue light at 450 nm can induce significant apoptosis in the intestine, suggesting that blue light generated with LED can penetrate to the tissue of young rats [@B56]. The authors also speculated that blue light phototherapy for animals may not cause perforation if the wavelength is controlled around a narrow range between 450-458 nm. Indeed, blue light is considered as lower end of visible light which is proven to have penetration to tissue approximately 3 mm depth [@B60]. Furthermore, phototherapy by blue light may exert its effect via ROS, including nitric oxide (NO), which may be the mechanism for impacting deep tissue [@B61]-[@B63].

To our knowledge, no previous studies have investigated the physiological influence of RuBpy-doped silica NPs in animals. Thus, we performed *in vivo*studies to measure the nature of the RuBpy-doped NPs using a commonly used mouse model with the C57BL/6J strain. We found airway delivery of RuBpy-doped NPs only induced somewhat slight lung injury with increased MPO activity (a sign of increased neutrophil accumulation) and lipid peroxidation while no such changes occurred in the kidney or liver. This is crucial information as the data indicate for the first time that the RuBpy-doped NPs may have no or limited penetration to other organs if not injected through intravenous routes. As we have not noticed mortality or strong inflammatory responses as shown with other NPs for a period up to 2 weeks [@B52], we speculate that the concentrations of RuBpy-doped NPs in our studies may be tolerated in mice. These findings suggest that RuBpy-doped NPs may not possess too strong intrinsic toxicity to mice or other mammals. It is somewhat difficult in explaining why activation of NFκB (not significantly in the lung) did not cause significant cytokine responses, but it did activate proliferative cell signaling, such as Akt and ERK1/2 which was previously shown to be inducible by the NFκB pathway in different cellular models [@B41], [@B43], [@B57], [@B58]. This may be explained as these NPs may have special characteristics with low intrinsic toxicity to mice tested. Moreover, the activation of NF-κB is more significant in the kidney and liver than the lung. Nevertheless, the increase in NFκB phosphorylation is not as dramatic as shown in different oxidants associated conditions [@B57]-[@B59].

Because of the activation of HMGB1 by NPs with or without irradiation, and its universal activation in all organs tested (lung, liver, and kidney), we speculate that HMGB1 may be a potential biomarker of systemic physiological stress response to silica NPs-administration. Our studies are the first to identify the important role of HMGB1 as a danger or alarming signal for silica NPs. In addition, due to its increase both in the lung and kidney, Nrf2 may be another potential indicator for silica NP-mediated toxicity to be revealed in animal studies. Strikingly, we also found that in the kidney both RuBpy alone and silica NPs induced a broad spectrum of activation of cellular signaling proteins including Caspase1, HMGB1, Nrf2, phosphor-NF-κB, Akt, phosphor-Akt, phosphor-ERK1/2, TNF-α, and IL-4, compared to the liver and lung, which showed highly selective signaling patterns. Overall, our studies provide important observations regarding the silica NPs and RuBpy-NPs toxicity and inflammatory induction features.

In conclusion, we have synthesized RuBpy-doped NPs and tested their toxicity features *in vitro* and *in vivo*. There was somewhat light cytotoxicity observed under irradiation by causing cell death and DNA damage, which may be exploited for therapeutic application. However, the extent of the toxicity and inflammatory responses is generally tolerable both *in vitro*and*in vivo*. We also discovered some critical biomarkers (e.g., HMGB1 and Nfr2) for silica NPs stress and toxicity and demonstrated differentially regulated stress responders in various organs. Although long-term toxicity and detailed mechanisms of these NPs in animals require additional characterization, for the first time our current study provides important information for further evaluating the safety and as guides for use in biological and biomedical systems.
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![(**A)** TEM image of RuBpy-doped silica NPs. The size of NPs was 50±3 nm in diameter.**(B)**The NPs induced penetration into MH-S cells. 0.2 mg/mL RuBpy-doped NPs were used to treat the MH-S cells (arrow indicating significant penetration). Objective: 63X; excitation wavelength: 453 nm; and the emission filter: 580 nm long wavelength pass filter. The sample was placed in a chamber slide in a bath at 37°C. The data are representative of three experiments.](thnov04p0445g001){#F1}

![RuBpy induced ROS in living cells. The cells were irradiated for 6 h. The cells treated with PBS buffer were irradiated as a control. **(A)** MH-S cells were treated with RuBpy for 2 h, and irradiated for various time periods. ROS signals at different irradiation time periods were detected with the NBT assay. **(B)** Different concentrations of RuBpy^2+^induced ROS (1.68 µM =0.1 mg/mL, 3.36 µM = 0.2 mg/mL) determined by H~2~DCF-DA method. **(C)** Rubpy^2+^ doped NPs induced ROS in MH-S cells. 0.2 mg/mL RuBpy-doped NPs or the control NPs (same size but without doped dye) were used to treat the MH-S cells for 2 h. Cells treated with PBS used as control. After the NP treatment, cells were subjected to 6 h irradiation. ROS levels were measured by NBT assay. **(D)** Effects of NPs, RuBpy and RuBpy-NPs on cell viability in MH-S cells as measured by MTT assay. The data are presented as means±SEM and are representative of three experiments (one-way ANOVA (Tukey\'s post hoc); \* *p* \< 0.05; \*\* *p* \< 0.01).](thnov04p0445g002){#F2}

![Apoptosis of MH-S cells induced by RuBpy-doped NPs determined by Vybrant assay. (A) 0.2 mg/mL RuBpy-doped NPs were added to the cells. Cells treated with PBS and H~2~O~2~ used as a negative and a positive control. After 6 h irradiation, the YO-PO-1 dye showed the apoptosis cells (indicated with an arrow). The fluorescence signals were visualized by a confocal microscope. Objective 63X, excitation wavelength 488 nm. (B) No aggregates were formed after 1 h incubation in RPMI1640 culture medium containing 10% serum assessed by SEM. The size of NPs was 50±3 nm in diameter.](thnov04p0445g003){#F3}

![Quantitative evaluation of apoptosis by a flow cytometry assay. 0.2 mg/mL RuBpy-doped NPs were added to the cells. MH-S cells were treated with PBS (blk), control NPs (NP), RuBpy-dye (Ru) or the Rubpy-doped NPs (RuNPs) for 2 h. Then cells were subjected to 6 h irradiation or incubated in the dark as controls. Apoptosis of Annexin V-FITC-stained cells was assayed by flow cytometry. (A) Quantitative measurement of apoptosis with the above samples. (B) Scattered distribution graph of apoptotic staining of the RuBpy-NPs with or without irradiation. The data of apoptotic percentage of treated-cells vs. the control are representative of two experiments. The data are presented as means±SDEV and are representative of two experiments (one-way ANOVA (Tukey\'s post hoc); \* *p* \< 0.05; \*\* *p* \< 0.01).](thnov04p0445g004){#F4}

![Detection of DNA single strand breaks by a comet assay. (A) MH-S cells were treated with PBS (blk), control NPs (NP), RuBpy-dye (Ru) or the Rubpy-doped NPs (Ru-NPs) for 2 h. For each treatment, one group of cells was subjected to 6 h irradiation and the other was incubated in the dark. The DNAs were evaluated by a comet assay and stained with SYBR Green. The DNA integrity was imaged with confocal microscope (arrow indicating significant DNA comet tail). (B) The comet tail length was defined as the distance between the leading edge of the nucleus and the end of the tail. The data are representative of three experiments.](thnov04p0445g005){#F5}

![RuBpy-doped NPs showed increased lung oxidation *in vivo*. (A) Increased MPO activity in lung but not in the kidney and liver in RuBpy-doped NPs treated mice (n=5). (B) Increased levels of lipid peroxidation were observed in the lung, but not in the kidney and liver tissues of RuBpy-doped NPs treated mice as assessed by the thiobarbituric acid-reactive substance assay. The data are presented as means±SEM and are representative of three experiments (one-way ANOVA (Tukey\'s post hoc); \* *p* \< 0.05). RLU, relative luciferase units.](thnov04p0445g006){#F6}

![RuBpy-doped NPs altered the expression of cytokines and signaling proteins in mouse lungs (n=5). Expression of the indicated molecules was determined by western blotting (A) and quantified using densitometry after normalization with loading controls (B). GAPDH was probed for loading controls. Gel samples are shown in duplicate and are representative of three experiments. The data are presented as means±SDEV and are representative of three experiments (one-way ANOVA (Tukey\'s post hoc); \* *p* \< 0.05).](thnov04p0445g007){#F7}

![Irradiation further increased RuBpy-doped NP-mediated the expression of cytokines and signaling proteins in mice (n=5). Expression and phosphorylation of the indicated signaling proteins in the lungs, liver and kidneys were determined by western blotting. GAPDH was probed for loading controls. Different organ samples were homogenized and resolved in a protein gel. The data are representative of two experiments. The data are presented as means±SDEV and are representative of three experiments (one-way ANOVA (Tukey\'s post hoc); \* *p* \< 0.05).](thnov04p0445g008){#F8}
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